In a continued search for proteins that target calcium/calmodulin-dependent protein kinase II (CaMKII 1 ) to postsynaptic density (PSD) substrates important in synaptic plasticity, we identify the PSD protein densin-180 as a CaMKII-binding 
INTRODUCTION
CaMKII is a broad-specificity, calcium/calmodulin-dependent kinase with central roles in hippocampal long-term potentiation (LTP), a widely studied cellular model of learning and memory (1) (2) (3) . Critical for LTP and spatial learning (4, 5) , autophosphorylation at T286 confers calcium-independent activity to the kinase and underlies its ability to decode the frequency of calcium transients (6) . While CaMKII is an abundant soluble protein, it is also a major component of postsynaptic densities (PSDs), cytoskeletal scaffolds for neurotransmitter receptors and their regulators (7, 8) .
The localization of CaMKII to the PSD is believed to be important in regulating the phosphorylation state of neurotransmitter receptors, such as the AMPA-type glutamate receptor (9, 10) , and CaMKII has been shown to translocate to PSDs following synaptic stimulation (11, 12) . We have recently identified the NR2B subunit of the N-methyl-D- Strack et al., p. 5 Colocalization experiments. A membrane-targeted fusion protein cDNA was constructed as described for a similar protein targeted to mitochondria (14) . Briefly, this construct encodes, from N-to C-terminus, a 10 amino acid membrane-targeting sequence from the lck tyrosine kinase with myristoylation and dual palmitoylation sites (16, 17) , a myc-epitope tag, and the GST and green fluorescent protein (GFP) coding sequences. Domain 4 of the densin-180 cytoplasmic tail was ligated into BamHI and EcoR1 sites between the GST and GFP sequences. HEK293 cells were cotransfected with membrane-targeted fusion protein and CaMKII expression plasmids, and colocalization was assayed by double-immunofluorescence confocal microscopy as described (13, 14) . 
RESULTS AND DISCUSSION
In an effort to identify proteins that target CaMKII to PSDs, we have previously characterized a p190 band enriched in postsynaptic densities that binds T286-autophosphorylated CaMKIIα by overlay (15). The NR2B subunit of the NMDA receptor was shown to be a component of this 190 kDa binding activity (13, 14) . To reveal other potential CaMKII-binding proteins that comigrate with NR2B, PSD proteins were treated with N-glycanase to remove N-linked carbohydrates.
Deglycosylation lead to a quantitative increase in electrophoretic mobility of NR2A and NR2B subunit immunoreactivity, while only a fraction of the CaMKII-binding activity was shifted to a lower molecular weight (data not shown), implicating the existence of at least one other, ~190 kDa CaMKII-binding protein in PSDs.
Developmental splicing of the densin-180 cytosolic tail
Densin-180 was discovered in a systematic effort by the Kennedy group to identify major PSD proteins (18) . Densin-180 is an O-sialoglycoprotein of 180 kDa with a postulated role in cell-cell adhesion, whose sequence predicts a large Nterminal extracellular domain, a single transmembrane domain, and a short cytosolic tail ending in a PDZ domain of unknown ligand specificity. To find out whether densin-180 is the missing CaMKII-binding protein, its cytosolic domain was isolated by RT-PCR. Surprisingly, using RNA from adult rats as a template, we consistently observed four products ranging in length from about 940 to 570 bp, with 790 and 670 bp representing the major products. Sequencing of individually subcloned RT-PCR products revealed that the 790 bp product corresponds to the previously published densin-180 sequence (18) , whereas the two shorter variants (termed B and C) feature in-frame deletions of amino acids 1291-1330 and 1331-1404, respectively. The longest, D variant has a novel 47 amino acid insert after R1290 (Apperson et al., 1996 clone numbering), without homology to other proteins in databases (Fig. 1A) . The inserted and deleted sequences define five domains, presumably corresponding to differentially spliced exons, with domain 1 and 5, the PDZ domain, common to all four variants (Fig. 1A) . A presumed splice variation in the extracellular domain of densin-180 was previously described (18) , implying even greater structural diversity in densin-180 gene products.
To examine the developmental expression pattern of densin-180 cytosolic tail variants, we carried out RT-PCR with forebrain RNA from rats of different ages ( 
Differential phosphorylation of densin-180 variants
Densin-180 can be phosphorylated by CaMKII in PSDs at unidentified sites (18) . Phosphoamino acid analysis following exhaustive phosphorylation of cytosolic tail fusion proteins by CaMKII in vitro revealed 90% serine phosphate and 10% threonine phosphate, indicating phosphorylation at multiple sites (data not shown). does not conform to the CaMKII phosphorylation consensus (19) . Indeed, the S198D mutant A variant displayed 40-50% reduced phosphorylation, and the S94/198D double mutant could be phosphorylated to less than 10% of wild-type (Fig. 2B ), indicating that these two residues are the major CaMKII phosphorylation sites, at least in vitro.
CaMKII binding to densin-180 variants
To determine if CaMKII can stably interact with the cytosolic tails of densin-180, fusion proteins were probed with CaMKIIα, [ 32 P]-labeled by autophosphorylation at T286 ([ 32 P-T286]CaMKIIα). Specific binding was detected to the full-length cytosolic tails of the A, B, and D, but not the C variant (Fig. 3A) ; signal intensities were similar to NR2B only binds to the T286-autophosphorylated, calcium/calmodulinindependent form of CaMKII (13, 14) . In contrast, densin-180 bound significant amounts of inactive CaMKII, [ 32 P]-labeled by T305/306-autophosphorylation in the absence of calcium/calmodulin (15), in glutathione-plate assays (Fig. 4A inset) , a finding that was confirmed in overlay experiments (not shown). Furthermore, in glutathione-agarose cosedimentation experiments T286 autophosphorylation increased the amount of CaMKII copurifying with densin-180 to stoichiometric levels, even though some CaMKII copurified without prior autophosphorylation (Fig. 4B) .
The finding that the densin-180 and NR2B interactions differ in their degree of dependence on CaMKII T286 autophosphorylation combined with the lack of conservation between the CaMKII-binding domains in NR2B and densin-180 suggests different mechanisms of binding. Competition experiments support this conclusion.
Whereas soluble NR2B cytosolic tail protein inhibits CaMKII binding to immobilized GST-NR2B fusion protein in a concentration dependent manner, it has no effect on CaMKII binding to GST-densin-180 (Fig. 4C) , indicating that densin-180 and NR2B interact with different and independent sites on CaMKII and suggesting that ternary complexes may exist in neurons.
Densin-180 sequences target CaMKII in cells
Data by Apperson et al. (18) showing that densin-180 is highly enriched in (Fig. 5) . The small profiles were shown to be on the cell surface by optical sectioning and likely correspond to caveolae, where the tyrosine kinase lck from which the membrane-targeting sequence was derived is localized (21) .
Coexpression of the membrane-targeted fusion protein by itself had no effect on the localization of CaMKII, which remained diffusely localized in the cytoplasm (Fig. 5) .
When the CaMKII-binding domain 4 of the densin-180 cytosolic tail (residues 132-205, Colocalization of CaMKII with artificially targeted NR2B sequences and NMDA receptors containing the full-length NR2B subunit requires calcium mobilization and is not absolute, presumably because CaMKII:NR2B complex formation requires T286 autophosphorylation of CaMKII but is antagonized by NR2B phosphorylation (13, 14) .
In contrast, CaMKII and densin-180 colocalization was near perfect under basal conditions, and was not detectably altered by calcium ionophore treatment (2 µM A23187 for 5 and 15 min, data not shown).
In summary, data presented here indicates that densin-180 may be responsible for constitutively anchoring CaMKII to the PSD, where it is poised to respond to localized calcium influx by phosphorylating postsynaptic substrates important in synaptic plasticity. The highly regulated CaMKII:NR2B interaction (13, 14) , on the other hand, may underlie the dynamic association of CaMKII with PSDs following synaptic activation (11, 12) . Although phosphorylation of densin-180 itself does not appear to 
